Gate insulation/surface passivation in AlGaN/GaN and InAlN/GaN heterojunction field-effect transistors is a major concern for passivation of surface traps and reduction of gate leakage current. However, finding the most appropriate gate dielectric materials is challenging and often involves a compromise of the required properties such as dielectric constant, conduction/valence band-offsets, or thermal stability. Creating a ternary compound such as Ti-Al-O and tailoring its composition may result in a reasonably good gate material in terms of the said properties. To date, there is limited knowledge of the performance of ternary dielectric compounds on AlGaN/GaN and even less on InAlN/GaN. To approach this problem, the authors fabricated metal-insulator-semiconductor heterojunction (MISH) capacitors with ternary dielectrics Ti-Al-O of various compositions, deposited by atomic layer deposition (ALD). The film deposition was achieved by alternating cycles of TiO 2 and Al 2 O 3 using different ratios of ALD cycles. TiO 2 was also deposited as a reference sample. The electrical characterization of the MISH capacitors shows an overall better performance of ternary compounds compared to the pure TiO 2 . The gate leakage current density decreases with increasing Al content, being $2-3 orders of magnitude lower for a TiO 2 :Al 2 O 3 cycle ratio of 2:1. Although the dielectric constant has the highest value of 79 for TiO 2 and decreases with increasing the number of Al 2 O 3 cycles, it is maintaining a relatively high value compared to an Al 2 O 3 film. Capacitance voltage sweeps were also measured in order to characterize the interface trap density. A decreasing trend in the interface trap density was found while increasing Al content in the film. In conclusion, our study reveals that the desired high-j properties of TiO 2 can be adequately maintained while improving other insulator performance factors. The ternary compounds may be an excellent choice as a gate material for both AlGaN/GaN and InAlN/GaN based devices.
I. INTRODUCTION
GaN-based metal-insulator-semiconductor heterojunction field-effect transistors (MISHFETs) have received much attention in the research community within the last decades. Due to the wide and direct bandgap nature of the material, there are vast applications for GaN-based devices such as high-power, 1 high-frequency, 2 photonic devices, 3 and more. 4 The optimization of several aspects in the MISHFETs structure has been intensely studied within the recent years. A major topic of interest is the insulator quality on nitrides. High dielectric constant (j) insulators are preferred to maintain high transconductance and minimize the threshold voltage shift 5 due to the separation of the gate-to-channel distance. However, the bandgaps of insulators typically show inverse relation to dielectric constants, i.e., the larger the j value, the smaller the bandgap. A larger insulator bandgap is preferred to maintain a large conduction/valence band offset to the semiconductor to properly act as a barrier for electrons/holes. 6 Other important desirable properties for an insulator include thermal stability (crystallization temperature), breakdown strength, interface trap density, leakage current, etc. However, commonly used materials such as HfO 2 16 that by increasing the Al-content in the TiAl-O composite, it may increase the bandgap, thus improving the band-offsets to their respective substrates. However, there is limited knowledge on this ternary compound on AlGaN/ GaN and InAlN/GaN substrates. Atomic layer deposition (ALD) is among the more popular insulator deposition method due to its highly conformal process and its precise deposition control. 18 Moreover, ALD allows relatively easy control and engineering of multicomponent film composition. A nanolaminate or composite film can easily be attained by changing the numbers of alternating cycles of each component. In this study, we investigated the compositional effects of Ti-Al-O films prepared by ALD on the electrical properties of MISH capacitors on AlGaN/GaN and InAlN/GaN.
II. EXPERIMENT
To characterize insulator quality of Ti-Al-O on GaN, circular MISH capacitors were fabricated. A scanning electron microscope (SEM) image of the completed structure is shown in Fig. 1 . Device fabrication started with AlGaN/GaN on sapphire and InAlN/GaN on SiC epiwafers provided by CorEnergy Semiconductor Technology Co., Ltd., and NXP Semiconductors, respectively. An overview of the device fabrication process is described in Figs. 2(a)-2(i) . Prior to the device mesa isolation, the substrates were ultrasonic cleaned with acetone, methanol, and isopropanol. The lithography was accomplished using Raith 150 electron-beam lithography system and using ma-N 2405 (MicroChem Corp.), a negativeresist exposed using a dosage of 220 lC/cm Gemstar). The ALD films were deposited on InAlN/GaN, AlGaN/GaN, and Si witness samples. Prior to loading into the ALD chamber, the samples were treated with a buffered oxide etch 10:1 dip followed by deionized water rinse. The Ti-Al-O composite films were achieved by alternating TiO 2 and Al 2 O 3 cycles. Each TiO 2 and Al 2 O 3 cycles were carried out using tetrakis(dimethylamido)titanium/H 2 O and trimethylaluminum/H 2 O, respectively. All films were deposited at 200 C at a deposition rate of 0.37 Å /cycle for TiO 2 and 1.12 Å /cycle for Al 2 O 3 . TiO 2 was deposited as a reference control sample. To vary the composition, 1 cycle of Al 2 O 3 was followed by a various number of consecutive TiO 2 cycles, i.e., 1-cycle of Al 2 O 3 followed by n-cycle(s) of TiO 2 . The TiO 2 :Al 2 O 3 cycle ratios studied were 10:1, 5:1, and 2:1. To achieve the final target thickness of $24 nm, the super cycles were repeated. The thicknesses of the films were then measured by x-ray reflectivity (XRR) (Bruker D8 Discover), and the elemental composition was determined by x-ray photoelectron spectroscopy (XPS).
Following the insulator deposition, the gate contacts were patterned by e-beam lithography using the bilayer resist process, e-beam evaporation of Ti/Au (28/110 nm), and metal lift-off. Lastly, to make electrical contact to the covered ohmic contact regions, the insulator films were etched from these regions using RIE.
III. RESULTS AND DISCUSSION
Ti-Al-O films of compositions in the TiO 2 -rich composition range were grown on the InAlN/GaN and AlGaN/GaN substrates. Their elemental composition was evaluated from the XPS spectra and their thickness from the XRR spectra. The results are summarized in Table I .
The x-ray diffraction measurements (not shown) revealed that the amorphous structure of as deposited composite TiAl-O films persists in the whole investigated compositional range.
The dielectric properties of the Ti-Al-O films grown on InAlN/GaN and AlGaN/GaN substrates were evaluated through C-V measurements. Leakage current density was measured for both AlGaN/GaN and InAlN/GaN MISH capacitors and is plotted at a gate voltage of À1 V in Fig. 3 . The TiO 2 reference sample shows a high leakage current which is commonly reported in literature. 16, 19, 20 However, a decreasing trend in leakage current is observed with increasing Al-content in the film. Compared to the pure TiO 2 sample, leakage current was reduced 2-3 orders of magnitude when a 2:1 TiO 2 :Al 2 O 3 cycle ratio film was used. The InAlN/GaN-based devices show larger leakage values compared to AlGaN/GaN due to the thinner and wider band-gap properties of the InAlN barrier layer.
Figures 4(a) and 4(b) show the capacitance-voltage (C-V) characteristics of the Ti-Al-O dielectrics measured on
InAlN/GaN and AlGaN/GaN MISH capacitors, respectively. The voltage was swept from þ2 (or þ1) to À5 V using a 10 kHz AC signal with 10 mV amplitude and.05 V/300 ms step size. A much sharper transition in the depletion region was observed for the 2:1 TiO 2 :Al 2 O 3 cycle ratio sample compared to the TiO 2 reference sample. This may be associated with a lower trap density at the insulator/semiconductor interface, and our further analysis presented in a later section, within Fig. 7 , confirms this assumption. The C-V curve features two slopes during the sweep. The first slope (at -bias) is associated with the accumulation of electrons at the InAlN(AlGaN)/GaN interface. The second slope (at þbias) shows the spill-over of electrons through the barrier layer onto the insulator/semiconductor interface.
Dielectric constants were measured through the 0 V bias accumulation capacitance values. For the reference TiO 2 sample, a metal-insulator-metal capacitor was fabricated. From the capacitance measured at low voltage 1 MHz signal, the dielectric constant was directly measured to be 79 which matches well to other reported values. 10 Based on this value, the InAlN barrier layer capacitance was calculated to be $493 nC/cm 2 from the TiO 2 MISH capacitor. Using this value as a reference for all the samples, the remaining dielectric constant values were calculated using the following equation:
where t ox is the thickness of the insulator, e 0 is the permittivity of vacuum, A is the area of the MIS gate, C MISH is the measured accumulation capacitance of the MISH capacitor, and C Barrier is the capacitance of the InAlN barrier layer. The results are plotted in Fig. 5 . Mixing TiO 2 with Al 2 O 3 leads to a decrease in the dielectric constant, as expected. The dielectric constant of the sample with 2:1 TiO 2 :Al 2 O 3 cycle ratio (with Al content of 61%) is 27 which is relatively high compared to 9, as reported for Al 2 O 3 . 15 Moreover, this value is higher than the dielectric constant of HfO 2 , which is widely used as gate dielectric. The composition range of our ALD Ti-Al-O films to maintain a relative high dielectric constant is relatively large.
The interface between the insulator and semiconductor are filled with interface trapped charges caused by structural defects, impurities, and dangling bonds. 21 However, unlike the highly compatible Si-SiO 2 interface, which typically contains interface trap densities 22 (D it ) on the order of 10 11 eV À1 cm
À2
, high-j materials on nitrides suffer from much larger values. It is well known that a high interface trap density causes degradation in device performance such as threshold voltage instability and degradation of 2DEG mobility. 23 Proper selection of insulator materials based on this criterion is also important. D it values were extracted from the C-V frequency dispersion in the second slope of the C-V sweep using a similar process as reported in literature. [24] [25] [26] Based on the onset voltage shift in the second slope (shown in Fig. 6 ), D it values can be calculated for an averaged energy range (E avg ) using the following equations:
where q is the elemental electron charge, DV is the measured voltage hysteresis between two different frequency sweeps, DE is the corresponding trap energy difference based on the measurement frequencies f i and f iþ1 , k is the Boltzmann's constant, and T is the measurement temperature. Next, the average activation energy of the traps can be calculated using
where E i is the trap activation energy at frequency f i , r c is the interface traps capture cross section, N C is the effective density of states in the barrier conduction band, and v is the thermal velocity of electrons. For the measured frequency range between 1 and 10 kHz, the trap density is measured at the trap activation energy of 0.44 eV below the conduction band edge. The results are plotted in Fig. 7 . InAlN/GaN devices show larger trap densities compared to their AlGaN/GaN counterparts. However, the trap density appears to be decreasing with increasing Al-content in the film. From the C-V analysis in Fig. 4 , it appeared that the TiO 2 sample showed larger stretch-out in the depletion region compared to the Ti-Al-O films, suggesting a worse interface quality of the former, and the D it analysis confirmed these results.
IV. CONCLUSIONS
We investigated the electrical properties of AlGaN/GaN and InAlN/GaN MISH capacitors employing ALD grown ternary Ti-Al-O compounds as the insulator. It was revealed that by increasing the Al-content in the Ti-Al-O film, the leakage current was reduced as much as by $2-3 orders of magnitude for the Al-Ti-O film with 61% Al. Regarding the dielectric constant, even for an Al-content of $61%, the dielectric constant was maintained at a relatively high value of 27. The correlations between the interface trap-density of the films and the substrate material and insulator Al-content were also determined through C-V frequency dispersion measurements. The insulators deposited on InAlN/GaN showed larger interface trap densities compared to the AlGaN/GaN counterparts. Also, the ternary compounds showed improvement in this aspect with increasing TiO 2 :Al 2 O 3 ALD cycle ratio. In conclusion, these ternary compounds may be an excellent choice for GaN-based devices.
